Scatter Factor/Hepatocyte Growth Factor (SF/HGF) Induces Emigration of Myogenic Cells at Interlimb Levelin Vivo  by Brand-Saberi, B. et al.
DEVELOPMENTAL BIOLOGY 179, 303±308 (1996)
ARTICLE NO. 0260
RAPID COMMUNICATION
Scatter Factor/Hepatocyte Growth Factor (SF/HGF)
Induces Emigration of Myogenic Cells
at Interlimb Level in Vivo
B. Brand-Saberi,*,1 T. S. MuÈ ller,* J. Wilting,*
B. Christ,* and C. Birchmeier²
*Anatomisches Institut, Lehrstuhl II, Albert-Ludwigs-UniversitaÈ t Freiburg, Albertstrasse 17,
D-79104 Freiburg; and ²Max-DelbruÈ ck-Zentrum fuÈ r Molekulare Medizin,
Robert-RoÈssle-Strasse 10, D-13122 Berlin
The initiating event in the migration of myogenic cells to the limb buds is an epitheliomesenchymal transformation of
cells located at the lateral edge of the dermomyotome. Recently, a targeted mutation of c-met in mice demonstrated an
essential role of this tyrosine kinase receptor and its ligand, scatter factor/hepatocyte growth factor (SF/HGF), in the
migration of myogenic cells to the limb buds. Here, we show that ectopic application of exogenous SF/HGF induces
emigration of Pax-3-positive myogenic cells into the lateral plate mesoderm. During this process, the lateral portions of
the dermomyotomes deepithelialize and the basement membrane disintegrates. Detaching myogenic cells do not lose N-
cadherin from their surfaces. We conclude that an HGF/SF- and c-met-mediated signal detaches myogenic precursor cells
from the somites and thus plays a necessary role in the initiation of myoblast migration. q 1996 Academic Press, Inc.
INTRODUCTION rise to epithelial buds that form muscle of the ventral body
wall in normal development. However, limb buds grafted
ectopically at interlimb levels recruit myogenic precursorLimb muscle originates from the somites in birds and
cells from the neighboring dermomyotome of the ¯ank andmammals, as shown by grafting experiments and by gene
induce their migration into the ectopic limb. The activityexpression studies (Christ et al., 1974, 1977; Chevallier et
that induces the migration seems to reside in the proximalal., 1977; Williams and Ordahl, 1994; Goulding et al., 1994;
(medial) limb bud mesoderm (Hayashi and Ozawa, 1995).Sze et al., 1995). The myogenic precursor cells are initially
In addition, somites from nonlimb levels can contribute tolocated in the ventral dermomyotome, which is epithelial
limb myogenic cells when grafted to the limb bud levelin character. They undergo a mesenchymal ±epithelial tran-
(Christ et al., 1978). These ®ndings suggest that dermomyo-sition and move as single cells into the anlage of the limb.
tomal cells of limb and interlimb levels have the potentialDuring migration of the precursor cells in the limb bud
to migrate and colonize the limb bud. Furthermore, the limbmesenchyme, molecules that mediate cell±cell and cell±
bud mesoderm is the source of a signal that causes deepi-matrix interactions play a critical role in the control of
thelialization of the adjacent lateral dermomyotome andmovement (Gumpel-Pinot et al., 1984; Brand et al., 1985;
thus initiates migration of the dermomyotomal cells.Brand-Saberi et al., 1989; Krenn et al., 1991; Brand-Saberi
Using targeted mutation of the c-met gene in mice, it waset al., 1996). In contrast, little is known about the molecular
recently demonstrated that this tyrosine kinase receptor ismechanisms that initiate the mesenchymal ±epithelial
essential for migration of myogenic precursor cells from thetransition of the somitic cells and that thus govern the es-
somite (Bladt et al., 1995). As a consequence, the mutantsential ®rst step in the migration process.
embryos do not develop limb muscles. While c-met tran-Dermomyotomal cells located at interlimb levels give
scripts are present in cells of the lateral dermomyotomes
throughout limb and nonlimb levels, SF/HGF, the ligand of
c-met, is expressed in the proximal limb bud mesenchyme.1 To whom correspondence should be addressed.
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In situ hybridization. Embryos destined for Pax-3 in situ hy-These ®ndings suggest that a c-met-mediated signal elicited
bridization were immersion-®xed in 4% paraformaldehyde at 47Cby SF/HGF initiates the migration of myogenic precursor
overnight. Subsequently, they were dehydrated through a graded se-cells at the limb bud level.
ries of ethanol solutions and embedded in paraf®n. Whole-mountIn order to test the in¯uence of SF/HGF in myogenic
in situ hybridization was performed on embryos having receivedcell migration and somite development directly, human SF/
injections of SF/HGF and control substances or bead implantations.
HGF was applied at various concentrations to the lateral The avian Pax-3 probe was kindly provided by Professor Peter Gruss
plate mesoderm, either by direct injection of the factor or and Dr. Martyn Goulding (GoÈ ttingen, Germany and San Diego, CA).
by implantation of heparin-coated acrylic beads soaked in A 660-bp insert cloned into Bluescript KS was used. T3 and T7
factor. Here we demonstrate that the lateral dermomyo- polymerases were used to generate antisense and sense probes, re-
spectively. Visualization of the hybridization product was achievedtome at ¯ank levels releases myogenic precursor cells under
by use of the digoxigenin RNA labeling and detection kit by Boeh-the in¯uence of exogenous SF/HGF.
ringer (Mannheim, Germany) according to the suggestions of the
producer. Most embryos were subsequently embedded into Immu-
noBed (Polysciences, Warrington, PA) and sectioned at 12 mm.MATERIAL AND METHODS Immunohistochemistry. Specimens were ®xed in 4% para-
formaldehyde in KH3PO4-buffered saline overnight at 47C. They
were rinsed three times prior to in®ltration with 5 and 15% sucroseFertilized hen's eggs (White Leghorn) were obtained by a local
breeder and incubated for 48 ±56 hr at a temperature of 37.87C for 5 and 10 hr, respectively, at 47C. They were embedded in Tis-
sueTek (Miles, USA) for cryosectioning. Sections were cut at 20and 80% relative humidity. Eggs were windowed and the vitelline
membrane slit in the area of operation. The stage of the embryo was mm and collected on chrome±alum±gelatin-coated slides. Mono-
clonal N-cadherin antibodies, clone GC-4, and polyclonal laminindetermined according to Hamburger and Hamilton (1951). Embryos
ranging from HH stages 12 to 15 were used. Injections were carried antibodies were obtained from Sigma (Deisenhofen, Germany).
After being dried, they were blocked with 1% bovine serum albu-out by a hand-drawn glass pipette of an approximate tip diameter
of 50 mm into the lateral plate mesoderm. About 30 nl of factor min in 0.1 M potassium-phosphate buffer (pH 7.6) for 10 min and
incubated with primary antibodies at a dilution of 1:200 (N-cad-and control solutions, respectively, were injected. The perfused
area was visualized by adding the vital dye indigo-carmine. For herin) and 1:100 (anti-laminin) for 60 min at room temperature.
After being rinsed with phosphate buffer, the sections were incu-the duration of the operations, SF/HGF was kept on ice. Human
recombinant SF/HGF kindly provided by Dr. Martin Sachs (Max- bated with af®nity-puri®ed goat anti-mouse IgG (N-cadherin) and
goat anti-rabbit IgG (laminin) conjugated with Cy3-¯uorochromeDelbruÈ ck-Centrum, Berlin) was diluted in phosphate-buffered sa-
line (PBS) and applied in concentrations of 5±50 mg/ml. Heparin- from Dianova (Hamburg, Germany). Controls consisted of sections
treated in the same way except for the omission of the primarycoated acrylic beads of approximately 80 mm in diameter were ob-
tained from Sigma (Deisenhofen, Germany). They were washed in antibody to assess the degree of nonspeci®c staining. The sections
were examined by epi¯uorescence microscopy and photographedPBS, dried, and incubated with the factor at 47C for at least 30 min
before use at the same concentrations as used in injections. Control using Tri-X-pan ®lm.
injections and bead implantations were carried out in the same
way except for the use of BSA (100 mg/ml) and PBS as control
substances.
RESULTS AND DISCUSSIONThe operated eggs were resealed with medical tape and reincu-
bated for about 24 hr. Embryos were inspected, sacri®ced, and ®xed
in 4% paraformaldehyde overnight at 47C. Most of the embryos SF/HGF was applied to the ¯ank of avian embryos. After
were processed for whole-mount in situ hybridization with the
incubation of the injected embryos for a day, whole-mountavian probe for Pax-3. Some embryos were processed for immuno-
in situ hybridization with the avian Pax-3 probe revealedhistochemical detection of N-cadherin and laminin. Embryos des-
the presence of myogenic cells in the lateral plate of 60%tined for semithin sections were ®xed in Karnovsky's solution over-
of the injected embryos. This effect was most pronouncednight at 47C and after processing embedded into epon. Semithin
sections were cut at 0.75 mm and stained with toluidine blue. when embryos received the factor at HH stage 13. In some
FIG. 1. (a) Whole-mount in situ hybridization for Pax-3 of a chick embryo, 1 day after implantation of a bead (b) soaked in SF/HGF. ¯,
forelimb. Arrows point to dermomyotomes in the neighborhood of the bead with ventrally extending irregular lateral edges. The ventral
spreading of the dermomyotomes is most evident in the somites closest to the bead. Bar, 100 mm. (b) Cross section through a Pax-3 whole
mount close to the bead at the operated side: Pax-3-positive cells (arrows) detach from the lateral dermomyotome and are present in the
¯ank mesenchyme. Bar, 50 mm. (c) Whole-mount in situ hybridization for Pax-3 of a chick embryo having received an injection of SF/
HGF into the ¯ank at HH stage 13; at 1 day of reincubation, the lateral dermomyotomes appear irregular and clouds of Pax-3-positive
cells are found throughout the interlimb area (arrows). There is no difference between the abundance of Pax-3-positive mesenchymal cells
in the limb and nonlimb area. Note that Pax-3-positive cells also detach from the dorsal edges of the dermomyotomes (arrowheads). hl,
hindlimb. Bar, 100 mm. (d) Cross section through the embryo showing the injected side with Pax-3-positive cells detaching from the
dermomyotomes ventrolaterally (arrows) and dorsally (arrowheads). Bar, 50 mm. (e) Semithin section of an embryo having received an
injection of SF/HGF 1 day previous. In this specimen, the deepithelialization of the dermomyotome is especially obvious. The myotome
also seems to break up into individual cells. dm, dermomyotome; my, myotome. Arrows point to spreading cells. Bar, 50 mm. (f) Higher
magni®cation of e. Arrows point to spreading cells. Bar, 50 mm.
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FIG. 2. (a) Schematic diagram showing the somites at different craniocaudal positions of the embryo. At limb bud level (A), the ventrolat-
eral edges of the dermomyotomes release mesenchymal cells, while at nonlimb bud level (B), two layered epithelial somitic buds extend
ventrally. (b) N-cadherin staining of an embryo, 1 day after the injection of SF/HGF. The dermomyotome and myotome of the untreated
and treated side are N-cadherin-positive. At the treated side, the lateral dermomyotome releases N-cadherin-positive cells into the ¯ank
mesoderm (arrow). dm, dermomyotome. m, myotome. Bar, 100 mm. (c) Laminin staining of the untreated side of an embryo, 1 day after
the application of SF/HGF. Note the continuous basement membrane (arrows) along the medial side of the myotome. Bar, 100 mm. (d)
Laminin staining of the treated side of the same embryo as in c. A basement membrane is absent from the myotome and dermomyotome
(dm). Bar, 100 mm.
cases, Pax-3-positive cells were present in the lateral plate Semithin sections obtained from treated embryos showed
cells in the process of detachment from the dermomyo-throughout interlimb levels (Fig. 1c). The detachment of
myogenic cells in embryos that had received a bead soaked tomes at nonlimb levels (Figs. 1e and 1f). In control em-
bryos, such cells were never observed in interlimb regions.with SF/HGF was dependent on the stage of bead implanta-
tion and on the concentration of the factor (Figs. 1a and 1b). In some embryos, particularly when high concentrations
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of factor were applied, the treated dermomyotome appeared 1996). In the mouse, SF/HGF can be detected by in situ
hybridization along the pathways these cells take to reachto disintegrate laterally or an overall morphological distor-
tion of the somite at interlimb level was noted. Semithin their target areas (Friedhelm Bladt and C.B., unpublished
observations). During normal development, epitheliomes-sections revealed that such somites consisted of a ¯at epi-
thelium (not shown). Sections of such embryos revealed the enchymal transformation of the lateral dermomyotome is
observed at the level of the fore- and hindlimb bud. At ¯ankpresence of single Pax-3-positive cells in the operated area.
The injected SF/HGF seemed to diffuse sometimes to the level, two layered epithelial buds that yield the muscles of
the ventral body wall extend ventrally (Fig. 2a). By exoge-contralateral, noninjected half of the embryo. However, the
contralateral sides were always affected to a smaller extent, nous addition of SF/HGF, deepithelialization can be in-
duced at ¯ank level, i.e., at a site where it never occursand effects on contralateral somites were not observed when
beads were grafted. Interestingly, in many of the SF/HGF- under normal conditions.
During normal development, myogenic cells at interlimbinjected embryos, Pax-3-positive cells were also found to
detach from the dorsomedial edge of the dermomyotome or limb level migrate as a sheet or as single cells, respec-
tively. During both types of migration the precursor cellsand came to lie in the dorsal midline (Figs. 1c and 1d). This
might be explained by the fact that c-met is also expressed express N-cadherin. The continuous presence of N-cadherin
on the migrating cells, regardless of whether they move asin the dorsal edge of the dermomyotome in the chick (TheÂ ry
et al., 1995). We suggest therefore that the injected SF/HGF sheets or as single cells, implies a control of N-cadherin-
mediated cell±cell adhesion in a manner that is indepen-diffuses dorsally also and acts there on the c-met-expressing
somitic cells. dent of N-cadherin expression. One possible mechanism
that could decrease N-cadherin-mediated cellular interac-Injected embryos were also processed for immunohisto-
chemistry. Anti-N-cadherin antibodies were used for the tions of precursor cells is a transient phosphorylation of the
intracellular domain of N-cadherin or its associated mole-alternative visualization of myogenic cells. In addition to
the staining of the dermomyotomes, strongly stained groups cules, the catenins. Cadherins or catenins can be phosphory-
lated on tyrosine residues and phosphorylation correlatesand single cells were found in the ¯anks of embryos that
had been treated with SF/HGF (Fig. 2b). Antibodies against with reduced cell±cell adhesion (Gumbiner, 1995). Such a
phosphorylation could release the myogenic cells from theirlaminin were used to visualize the basement membrane
that delineates the medial (basal) side of the dermomyo- adhesive state in the dermomyotome. A transitory inhibi-
tion of N-cadherin function would then allow other rolestome. A continuous dermomyotomal basement membrane
was lacking on the treated side of the embryo, since laminin in later steps of the development of the myogenic lineage,
for instance during the alignment of myoblasts prior to theirstaining was absent in the entire lateral portion of the der-
momyotome (Figs. 2c and 2d). None of the control embryos fusion into myotubes (Knudsen et al., 1990; Brand-Saberi et
al., 1996).showed any of the effects described here for embryos treated
with SF/HGF.
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